The optimum family structure of two experimental designs ((i) Non segregating generations plus F2's and backcrosses; (ii) The North Carolina Expt. HI) have been investigated with respect to the estimation of additive (D) and non additive (H) genetic variation for a quantitative trait. In the former design it is shown that the generations should ideally be replicated in proportion to the total variation of each generation (if this is known) while in the latter, one should aim to sample at least 20 F2 plants. The relative efficiencies of the two designs are compared and the considerable advantages of the N.C. Expt. III design are illustrated and emphasised.
INTRODUCTION
AN important problem in initiating a breeding programme starting from a collection of inbred lines is to form an objective judgement of which crosses are likely to produce the most promising inbred lines on inbreeding the F2.
Such judgements are based on information about the mean and genetic variance of the cross, the latter involving either the additive genetic variance alone (D) or the inverse dominance ratio (/57k) (Jinks and Perkins, 1972) . The present paper is concerned with a consideration of how to estimate these effects (D and H) with the greatest precision; D and H being as defined by Mather and Jinks (1971) .
Since we are dealing with generations derived from two inbred lines there are basically two experimental designs which are appropriate-the Expt. III of Comstock and Robinson (1952) which will be referred to as the North Carolina Expt. III and secondly F2 and backcross generations (Mather and Jinks, 1971) . Not only are they relatively simple to execute but they provide information on D, H and E as well as on epistasis and genotype-environment interaction (6 x E). As their power in testing the adequacy of the simple additive dominance model is discussed elsewhere (Kearsey and Jinks, 1968; Jinks and Perkins, 1969; Kearsey, 1970; Pooni and Jinks, 1976) , it will be assumed that epistasis and G XE are absent and we will concentrate on the estimation of D and H.
With respect to these two types of experiment we may ask the following questions.
(1) For a given genetic model (narrow heritability and dominance ratio) and a fixed amount of effort, what is the best distribution of resources into different families in order to estimate D and H with the minimum variance?
(2) Does the optimal structure vary with the genetical control and the parameters (D and H) to be estimated? If so, is there a realistic compromise structure that might be used in the absence of any prior information?
(3) What are the relative advantages of the 2 types of experiment? (4) How large an experiment is it necessary to raise in order to achieve a given level of estimate reliability?
We will now consider each of these questions in turn.
OPTIMAL STRUCTURES
(i) F2's and backcrosses If we raise F1's and F2's and backcrosses it is possible to obtain variances which have the expectations shown in table 1(a). 
while the expected variance of VD is:
where n, are the degrees of freedom of each generation. If N is the total degrees of freedom (= n2 + n3 + n4) then we can rewrite (2) in terms of p, the proportion of the total degrees of freedom associated with the ith generation. Thus We can arrive at those values of p, which minimise V by differentiating Q with respect to P2 and p3. This yields the result:
Under such conditions substituting equations (3) We can now estimate the optimal proportions of the three different generations and V for various genetical situations from equations (3) and (4) and these are shown in table 2(a). In this table we have included all combinations of four values of the narrow heritability, three values of the dominance ratio (b) From a consideration of table 1 it can be seen that in order to estimate H, we need to include the non-segregating generations (the parental inbreds and their F1) whose combined variance will be referred to as VE. Thus:
and (6) Again, assuming that, of the total degrees of freedom, N' (= n1 + n2 + n3 + a proportion p, is associated with the ith generation, we obtain values of p, which minimise VH as follows: Ps = VE/VT p2=VE2/VT (7) pa=VB1/VT V4 VB2/VT Using the optimal proportions, V becomes V =(V+ V82+ V2+ VE)2.
The optimal structures and corresponding variances of H are shown in table 3(a).
(ii) The North Carolina Expt. III
In the basic N.C. Expt. III of Comstock and Robinson (1952) each F2 individual is crossed (normally as the male parent) to both of its inbred grandparents. Thus a typical experiment will consist of 2 families from every one of the k F2 parents, each family consisting of r replicates. The analysis of these data is as shown in table 1(b).
From the mean squares in the analysis of variance we can estimate D, H and their variances as follows:
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Since the family size, r, appears in the expectation of both MSA and MSD as well as in the degrees of freedom for MSR it is not possible to obtain general solutions for r and k which minimise these last two equations. However, if we assume that the total experimental size is sufficiently large, we can substitute k for (k -1) and solve the equations numerically. Using this approach we obtain the values of r necessary to minimise Vñ and V shown in table 4 together with the corresponding values of Vô and Vii expressed as a function of NI V2, where VF2 is the phenotypic variance of the F2.
Armed with these values we can estimate N for any given degree of precision. For example, if we wish to estimate D and H such that they are both greater than twice their standard errors, then since 'py'tIu) flnVF2 where 38416 is the square of the normal deviate for 5 per cent probability. below 20. Given this property it is therefore expedient always to aim to sample at least 20 F2 individuals, irrespective of the genetical properties of the population and the parameter to be estimated, and to adjust the number of replicates in line with the heritability. In all examples illustrated in table 2(a) and 3(a), the variance of our estimate of "H" for a given sized experiment is at least twice and in some cases up to 4 times greater than the corresponding value for "D". This is in line with intuition since a breeding system involving selfing, in that it reduces heterozygosity, is not ideal for the study of dominance. It does suggest that one might afford to lose a little sensitivity in estimating D in order to obtain more reliable values for H. In fact if we adopt a design incorporating the proportions shown in table 3 for optimising dominance estimation we find that our variances forD increase but only by 12 to 14 per cent over the range of genetical models examined. This would seem to be further justification for adopting the approach of Jinks and Perkins (1969) , although it does assume some prior knowledge of the likely variances of the various generations.
In the absence of any firm knowledge of the likely genetical control of the characters, we can do no better than adopt the proportions suggested for an intermediate level of heritability and dominance (e.g., 04, 05 respectively). It would appear that unless either the heritability or potence are very high there is less than a 20 per cent increase in variance with such a design; indeed in most cases a loss of precision of only a few percent is encountered. In many experiments of this type currently being practiced there are up to (ii) The North Carolina Expt. III As was shown in section 2(u) (see table 5) irrespective of the genetical control, one needs to sample at least 20 F2 parents. Little extra gain in efficiency is obtained from larger samples while efficiencies decline rapidly with less than 20 parents. If one chooses to use more than 20 F2 parents then there is a proportional decrease in the number of replicates required so that the total experimental size remains approximately constant. Obviously it is not possible to reduce the number of replicates below 2, therefore above about k =50 the minimum total experimental size will start to increase.
The only significant dependence of the structure on the parameters and genetical control thus lies in the degree of replication required, more replication being required for H than D, with low heritabilities and if the genes are linked in association.
RELATIVE EFFICIENCIES OF THE TWO DESIGNS
The minimum total experimental sizes necessary to achieve Expt. III is from two to 17 times as efficient for estimating D and H respectively. These differences in total experimental size are not counter balanced by the increased effort required in the crosses needed to produce the appropriate families. Clearly with a natural inbreeder it is technically easier to produce F2's than crosses. However, as the figures above show, the F2! backcross design always requires as many crosses (and generally far more), than does the N.C. Expt. III, and so there can be no saving in effort at this stage.
EXPERIMENTAL SIZES REQUIRED
It is clear from tables 4 and 5, that in order to estimate D from the N.C. Expt. III no more than 600 completely randomised individuals are required even for heritabilities as low as 02. For H more than 1000 individuals are required for heritabilities below 04. Such a number is not large for a single experiment, but soon becomes unmanageable if many F2's are to be compared simultaneously.
However, it is often technically convenient to raise many organisms in plots, particularly crop plants which are to be assessed under normal agricultural practice. By working with plot means the heritabilities are effectively increased; thus, although the total number of individuals will increase (individual randomisation being the most efficient design), the number of replicated experimental units decreases as a function of plot size. Such a procedure is not however practical with the F2/backcross experiment.
With the F2/backcross design the size varies greatly with the genetic models and parameters to be estimated. It is generally not a practicable method of estimating dominance although one can successfully estimate additive variation with moderately sized experiments (1000) providing that the heritability is not less than 30 per cent.
DiscussioN
In order to predict the properties of recombinant inbred lines derived from an F2, one requires information either on the additive genetic variation D or on D together with H (the dominance variation). Providing there is no linkage, epistasis or genotype-environment interaction the expected variance of the means of a set of inbred lines derived from an F2 is D. Given that the distribution of line means is approximately normally distributed the proportion of derived lines exceeding any specified score can be predicted knowing D and the F2 mean. Similarly, if dominance is present, use of the inverse dominance ratio will enable one to predict the likely score of the best inbred line to be obtained from inbreeding the F2.
If linkage and epistasis exist among the genes controlling the character in question the estimate of D obtained from early generations will be biassed, but generally the bias will be precisely the same among the derived inbreds and hence will still be the appropriate predictor of inbred performance.
Apart from the very real possibility that the ranking of genotypes varies over seasons or locations, genotype environmental interaction does not present any problems in prediction.
Thus in order to assess the future potential of generations derived from a number of inbred lines and hence to choose particular crosses to inbreed, one simply requires efficient estimates of D (and possibly H). The previous evidence clearly indicates that the N.C. Expt. III is always the most efficient approach to obtain these estimates. For every pair of inbred lines each experiment need involve no more than 20 F2 individuals. The data may be recorded on individuals although in many practical situations replicated plots are more efficient. Promising crosses identified in this way should then be selfed for some 6 to 8 generations without selection, using the method of individual seed descent from some 100 or more F2 individuals. At the end of the inbreeding programme the derived inbreds can then be assessed and selected in large replicated trials.
For many commercial traits there are optimal harvesting times which may vary with the genotype. Such situations can be considered as a special type of genotype environmental interaction. Again this poses no real problem since a given N.C. Expt. III can be raised with several replicate plots per family, two or more plots being randomly assigned to each one of the harvesting dates. Clearly if "D" shows a major interaction with harvesting date it is possible that different line crosses would be needed for each, but the predictions described above would resolve this problem before the inbreeding programme is initiated.
Clearly the number of pairs of crosses that can be examined in this way is limited by time and space and it is likely that ten or less would be the norm at any given site and year. The identification of this small subset of potential lines from a much larger collection of material requires a quite different approach and this is presently under investigation.
